Mechanical stress/strain strongly affects and interacts with ferroelectric and various electronic properties, i.e., "Multi-Physics" coupling. Especially, ferroelectric nanostructures exhibit novel properties distinct from the bulk counterpart. This paper reviews a series of studies on remarkable ferroelectric and multi-physics properties in nanoscale components from first-principles calculations, which are essential for the nonlinear multi-physics couplings due the quantum mechanical effects. The novelty and complexity of ferroelectric nanostructures originate from combinations of the outer shape (e.g., thin film, nano-wire, tube, and dot) and the inner understructure (e.g., grain boundary, domain wall, and lattice distortion). Each shape or understructure alters spontaneous polarization although the influence is restricted within a local area of several nanometers. The multi-physics coupling with mechanical stress/strain not only enhances their influence dramatically and entirely but also brings about novel and unusual ferroelectric properties, such as ferromagnetic-like closure-nanodomains, polarization vortices, improper ferroelectricity, and absence of ferroelectric critical sizes. This paper first classifies these nanostructures into fundamental elements and explains the interplay of them systematically, which provides deeper insights into multi-physics properties in nanostructures. This review simultaneously points out a new direction of "mechanics of materials", which opens the door to exploit and design novel functionalities in the nanoscales.
Introduction
Perovskite oxides, such as PbTiO 3 and its solid solutions Pb(Zr,Ti)O 3 , have attracted much attention and interest owing to their prominent ferroelectric properties and a variety of structural phase transitions, (Lines and Glass, 1979) . Ferroelectric perovskite oxides have been widely used for technological devices including nonvolatile random access memories (FeRAM), actuators in MEMS/NEMS, sensors, and transducers (Ramesh, 1997) and (Scott, 2000) ． Ferroelectricity is defined as a property that materials exhibit non-vanishing spontaneous polarization, which is a dipole moment per unit volume, even in the absence of external electric fields. In the ferroelectric (FE) phase where atoms are displaced in a direction from their ideal lattice sites, spontaneous polarization emerges due to its nonsymmetrical atomic structure, while there is no polarization in the paraelectric (PE) phase where the structure is centrosymmetric. The FE structure is energetically favorable, and it has, in general, six equivalent states with upward and downward spontaneous polarization in each [100] , [010] , and [001] direction. Spontaneous polarization is switchable to each axis by applied external electric fields. Since spontaneous polarization arises from the distorted atomic structure, ferroelectricity is quite sensitive to the applied mechanical strain, which changes the atomic distortions. The coupling effect between the mechanical deformation and ferroelectric (reviewed here) or other electric , (Hohenberg and Kohn, 1964) , (Kohn and Sham, 1965) , (Kinoshita, et al., 2009) , (Kinoshita and Ohno, 2010) , (Minamitani, et al., 2012) , (Ogata and Shibutani, 2003) and (Umeno, et al., 2004 (Umeno, et al., , 2005 , properties is known as "Multi-Physics" properties. Although the deformation of materials is a dominant factor to change the material properties, the concept of strain, which represents any deformations of materials due to not only mechanical loading but also thermal expansion in a sophisticated way on the basis of the mechanics of materials, should be suitable for the description of multi-physics properties. In other words, the strain engineering, which intentionally utilizes the mechanical strain to tune or enhance the properties, can control and design functionalities of materials. The use of multi-physics properties is, of course, essential for the further progress in the devices mentioned above and new functional devices.
The recent advance in manufacturing technology has enabled us to obtain ferroelectric materials with a nanometer scale, such as thin films, nanowires, nanotubes, nanodots, and so on. Since the rapid change in coordination number at surfaces can significantly affect and modify the ferroelectricity, which originates from the delicate balance between the short-range covalent and long-range Coulomb interactions, the surface dominates its properties. Although the effects of surface ranges within several nanometers, the effect becomes dominant when the size of system is in the nanometer order.
Such complicated shape-dependence of ferroelectricity in nanoscale avoids a simple understanding. Materials design and reliability issues have intensively required the precise investigation of ferroelectric and multi-physics properties in the nanostructured materials from the atomistic and electronic points of view. A lot of efforts have been devoted to both theoretical and experimental studies on ferroelectric nanostructures by many researchers (Scott, 2007) , (Streiffer and Fong, 2009) , and (Rorvik, et al., 2011) . However, the complexity and diversity of results depending on sizes, shapes, and microstructures arising from fabrication processes and conditions prevent us to synthesize knowledge and derive the sophisticated (or generalized) rules or philosophy that govern the ferroelectricity in nanostructures. This difficulty suggests that it is essential for fundamental understanding to classify nanoscale ferroelectrics into typical (or representative) structures and study each structure one by one.
For systematic understanding the nonlinear coupling effects in nano-components, this review first classifies ferroelectric nanostructures into shape (outer structure) and understructure (inner structure), as schematically shown in Fig. 1 . The shape (see the left-side of Fig. 1 ) means the outer shape of nanostructures, including a thin film as a representative of two-dimensionally (2D) periodic systems, a nanowire and a nanotube (1D), and a nanodot (0D). As clearly seen, the characteristics of shapes in nanostructures should be low-dimensionality. Due to the low-dimensionality, a surface (or edges and corners as a junction of surfaces) plays an important role in determining ferroelectric and multi-physics properties in nanostructures. For example, an ultrathin film possesses an extremely high surface/volume ratio compared to a macroscale material. In addition, charge appearing on a surface due to the termination of polar distortions generates a large electric field inside nanostructures (depolarization field), which is expected to destabilize ferroelectricity (Lines and Glass, 1979) . Thus, the shape dominates the properties in the nano-components through the effects of the surface itself or the surface-surface interactions, and should be an important factor to understand ferroelectricity in the nanoscale.
The understructure, on the other hand, means microstructures formed inside nanoscale ferroelectrics (see the right-side of Fig. 1 ). There are several levels in the understructures, and thereby, the understructures are further classified into three categories; (i) defect, (ii) lattice-level (atomic) distortion, and (iii) polarization topology. The defect includes grain boundary (2D), dislocation (1D), and vacancy (0D), where the atomic arrangement itself is locally disordered. On the other hand, the lattice-level distortion means a displacement pattern of atoms inside the perovskite unit cells. A ferroelectric (FE) distortion indicates the cation displacement relative to the anion, which is the most important lattice distortions as an origin of spontaneous polarization, while a paraelectric (PE) one means a centrosymmetric (undistorted) structure (Lines and Glass, 1979 ). An antiferrodistortive (AFD) distortion is a rotation of the oxygen octahedral (Lines and Glass, 1979) . The AFD distortion does not exist in bulk PbTiO 3 , but is sometimes coupled to emerge with the FE in the nanostructures. The polarization topology is a pattern of spontaneous polarization arrangements, as represented as domain structures. Normally, the ferroelectric system consists of a lot of domain where spontaneous polarization aligns in the same direction. The boundary of two domains is called as domain walls. Although the polarization is always rectilinear in a macroscale material, characteristic topology such as polarization vortices can be found in nanostructures.
Interplay of the shape and the understructure complicates the ferroelectricity in nanostructures. The purpose of this review is to provide fundamental understanding of multi-physics properties in ferroelectric nano-components by synthesize the effect of each shape and/or understructure according to the classification in Fig. 1 . 
First-principles Density Functional Theory (DFT) Calculations
Most of studies are based on first-principles (ab initio) density-functional theory (DFT), (Hohenberg and Kohn, 1964) and (Kohn and Sham, 1965) , calculations, which are essential to describe the nonlinear multi-physics couplings due to the quantum-mechanical effects. Based on the density functional theory, the ground-state total-energy of a many-electron system under external potential from atomic nuclei, E tot , is given by the functional of electron density,
where r and r' are position vectors, and v(r) denotes the static external potential at r. The first term represents the external potential energy from atomic nuclei, the second term denotes the kinetic energy of electrons, the third term is the Coulomb potential energy of electron-electron interaction, and the last fourth term is the exchange-correlation energy of many-electron interaction. Since the electron density at the ground state is obtained by minimizing the total energy, E tot , the ground-state total energy is evaluated by self-consistently solving the Schrödinger equation within the one-electron approximation (the Kohn-Sham equation),
where Ψ i denotes the wave function of a state i, and ε i is the energy level of a state i. v eff (r) is the effective one-electron potential including the exchange-correlation potential. More details can be found anywhere (Parr and Yang, 1994) .
For ferroelectric perovskite oxides such as PbTiO 3 , the choice of exchange-correlation functional is a critical issue to ensure the accuracy of calculations. The local density approximation (LDA) (Ceperley and Alder, 1980) has been longtime used to describe the structural and ferroelectric properties instead of the generalized gradient approximation (GGA) (Perdew, et al., 1996) with the form of Perdew-Wang (PW) and Perdew-Burke-Ernzerhof (PBE) which terribly overestimates the tetragonal lattice constants. However, recently-developed sophisticated GGA functionals such as Wu-Cohen (WC) and PBE for solids and surfaces (PBEsol) (Perdew, et al., 2008) can describe the structural and ferroelectric ground-states excellently. In addition, the hybrid functional (Heyd, et al., 2003) , which includes in part the exact nonlocal exchange of Hartree-Fock theory to DFT, has been also used to accurately reproduce the band gaps of ferroelectric oxides. The hybrid functional approach is essential for an accurate treatment of specific systems such as defects and impurities, (Shimada, et al., 2013c) . Note that, since the first-principles calculations are computationally quite demanding, the classical (semi-)empirical interatomic potentials such as shell model potentials (Kitamura, et al., 2007) and (Shimada, et al., 2008a) , where the parameters were carefully fitted to first-principles data, are often used for the system containing a huge number of atoms. In another way, free-energy models such as the continuum-level, (Shang, et al., 2003a) , (Shang et al., 2003b) and (Shang, et al., 2005) effective Hamiltonian and the phase field modeling (Wang and Kamlah, 2009) , and (Wang, 2010) are another potential candidate, once the order parameters and formula of the system are appropriately constructed.
Multi-physics Properties in Ferroelectric Nanostructures
3.1 Nanofilm and Nanowire: Effect of Shape 3.1.1 Nanofilm A thin film [2D shape in Fig. 1 ] having nine atomic layers are used to study PbTiO 3 (001) surfaces as shown in Fig.  2 (a), (Do, et al., 2012) , and (Umeno, et al., 2009 ). There are two types of surface terminations, TiO 2 -and PbO-terminations as shown in Fig. 2 (a), at the (001) surface. Layer-by-layer ferroelectric properties of PbTiO 3 nanofilms are shown in Fig. 2 (b), (Do, et al., 2012) and . Here, δ denotes the polarization distortion, which is related to the layer-by-layer spontaneous polarization. At the equilibrium, the ferroelectricity is found to be suppressed at the TiO 2 -terminated surface. On the other hand, it was enhanced in the PbO-terminated surface, which indicates remarkable dependence on the surface termination. The effective range of surface is estimated to be a nanometer order.
Change in the polarization distortion with respect to lateral isotropic strain for the reconstructed PbO-terminated surface is shown in Fig. 2 (c), . Polarization distortion increases smoothly with increasing tensile lateral isotropic strain, showing the enhancement of ferroelectricity by tangential stretch. On the other hand, ferroelectricity is suppressed under compression and almost vanishes at high compressive lateral isotropic strain, indicating the existence of the critical strain for ferroelectricity. However, when the surface is further compressed the ferroelectricity emerges again.
In detail, the PbO-terminated surface undergoes c(2×2) surface reconstruction where the AFD oxygen octahedral rotation [2D lattice distortion of understructure in Fig. 1 ] coexists with FE displacement. Ferroelectric properties of the reconstructed PbO-terminated surface are lower than those of unreconstructed one, suggesting that the AFD rotation tends to suppress ferroelectricity. The shape of nanostructure affects the understructure (lattice). Therefore, there exists interaction among the fundamental elements in Fig. 1 . 
Nanowire
PbTiO 3 nanowires as one-dimensional nanoscale ferroelectric material [1D shape] have been manufactured with a diameter of a few nanometer. The important feature of nanowire is on the influences of surface and surface/surface interaction. In addition, perovoskite nanowires have atomically sharp edge structure consisting of (100) and (010) surfaces with axial polarization. In particular, since the coordination number is much low at the edge compared to the bulk, the atomic configuration and electronic state change characteristically, which strongly affect the ferroelectricity (Cohen, 1992) . Figures 3(a) and 3(b) shows the cross-sectional area of edged PbTiO 3 nanowires (Shimada, et al., 2009) . Each nanowire has a cross-section in which four perovskite unit cells denoted as the cross-section of 4×4 unit cells below are arranged in the x and y directions. The thin nanowires with the 3×3, 2×2, 1×1 models are also studied.
Figures also include the site-by-site local polarization of nanowires. In the PbO-terminated nanowire, the edge cell exhibits the highest local polarization. The local polarization of the surface cell, which is second highest, is nearly equal to that of the film. Polarization in the inside cell is also comparable to that of the bulk. In other words, we can design a one-cell-thick ferroelectric layer with the rectilinear and high polarization. On the other hand, little polarization is found in the TiO 2 -terminated nanowire. More specifically, the inner cell in the nanowire exhibits higher polarization, which is the opposite of the trend found in the PbO-terminated nanowire. Thus, ferroelectricity in the vicinity of the edge is enhanced in the PbO-terminated nanowire while it is considerably suppressed in the TiO 2 -terminated nanowire. Again, the effect of surface layer is non-trivial.
Note that, it was also shown that, as the size of the PbO-terminated nanowire decreases, the averaged polarization increases, and even thinnest PbO-terminated nanowire with a 1×1 unit cell size exhibits spontaneous polarization (Shimada, et al., 2009 ). The nanowires thinner 4×4 unit cell in cross-section do not exhibit spontaneous polarization.
Figures 3(c) and 3(d) plot the averaged polarization in the PbO-terminated and TiO 2 -terminated nanowires, respectively, as a function of the tensile strain, (Shimada, et al., 2009) . Averaged polarization increases almost linearly with respect to tensile strain for all the PbO-terminated nanowires. This suggests that the axial tensile strain enhances the ferroelectricity. For the TiO 2 -terminated nanowires which are initially paraelectric (PE), ferroelectricity appears under axial tension. Smaller nanowires require larger critical strain that recovers ferroelectricity because the TiO 2 -terminated edge structure, which suppresses ferroelectricity, strongly affects thinner nanowires. After the critical TiO 2 -terminations. Spontaneous polarization as a function of axial tensile strain of (c) PbO-terminated and (d) TiO 2 -terminated nanowires. 1×1, 2×2, and 3×3 indicate the cross-sectional sizes (the number of unit-cells), (Shimada, et al., 2009 ).
Domain Walls (DWs): Effect of Understructure
One of typical understructures in ferroelectrics is probably domain walls (DWs) [1D topology of understructure in Fig. 1 ], where orientation of spontaneous polarizations changes. A misfit angle of neighboring domains (spontaneous polarizations) characterizes the DW properties, (Shimada, et al., 2008b) and (Shimada, et al., 2012a) . A 90° DW, where spontaneous polarization rotates by 90°, is one of the most stable DW configurations and often observed experimentally. Atomic and electronic structures of the 90° domain wall (DW) are shown in Fig. 4(a) , (Shimada, et al., 2008b) . Clearly, electrons are localized between the Pb and O atoms and between the Ti and O atoms. These are the covalent bonds constructed in PbTiO 3 by hybridizing the Pb 6s and O 2p states and the Ti 3d and O 2p states, respectively (see the white lines). On both the PbO and TiO 2 planes, a series of bonds with a "right-down" shape is found on the left side of the domain wall, while the"right-up" shape is found on the right side. At the center of the domain wall, the series of bonds on either side are connected smoothly by sharing the α bond for the PbO plane and the β bond for the TiO 2 plane. Consequently, a downward convex of the bonding structure is formed, which is the atomic-level structure of DWs. Local polarization distributions are plotted on the bottom panel of Fig. 4(b) . In the transient region between −3 and 3 layers, the polarization direction angle varies by approximately 50°, showing a sharp change in polarization direction from right up to right down. This domain-wall region is thus confined between planes −3 and 3, which is evaluated to be 1.3 nm. Such a nanoscale DW structure may result from the smooth connection of hybridized-bonds as shown above.
The DWs were found to strongly interact with shear deformation along the DW plane. Sequential changes in the atomistic and electronic configurations of the DWs under shear deformation are shown in Fig. 4(b) (Shimada, et al., 2008b) . Charge density of the α bond on the 1 plane decreases, while that at the site β increases, as the shear strain is applied. At γ xz =0.007, the α bond breaks and the opposite bond of β is newly formed accompanying a large movement of the Pb atom. Consequently, the DW center (convex downward bonding structure) shifts right by one interlayer distance. This clearly indicates that the domain switching (unstable movement of DW) occurs by the shear deformation. Thus, the shear stress/strain is strongly coupled with DWs and finally brings about the switching of understructure (domain switching). Thus, there are remarkable multi-physics effects on the DW. Note that, these are rather ideal case (Shimada, et al., 2008b) and (Shimada, et al., 2012a) . In practical situations, finite temperature or kink structures somewhat affect the switching behaviors (Kubo, et al., 2012 (Kubo, et al., , 2013 .
Some similar trends are also found in another understructure, such as grain boundaries (GBs) . A sharp rotation of spontaneous polarization was observed in tilt GBs, and the effect of tilt GB is almost confined to 1-2 nm , , (Shimada, et al., 2011a) , and . Especially, twist GBs induces a circular polarization patterns, called as polarization vortices [2D topology of understructure in Fig. 1 ], in addition to the normal rectilinear polarization (Shimada, et al., 2011a) . (Shimada, et al., 2008b) .
Nanofilm with Domain Walls: Interplays of Shape and Understructure
As discussed above, each shape or understructure modifies ferroelectric properties. The purpose of following sections is to review several examples of the remarkable interplay of the shape and understructure, which dramatically enhances the effective range, produces novel ferroelectric properties unlike bulk materials, and brings about additional functionalities into the ferroelectric systems. This section is devoted to the interaction of surfaces and domain walls in a nanofilm.
As for the common sense of this field, for a ferroelectric thin film with a polar axis perpendicular to its surface the termination of polarization at the surface or interface gives rise to surface charges. These surface charges create a depolarizing field that destabilizes the ferroelectric distortions. To reduce the depolarizing field, the system is divided into many domains. When the thickness of thin films decreases to the nanoscale, surface-surface and surface-DW interactions becomes dominant and such nanofilms form unusual ferroelectric domain patterns. Figure 5(a) shows the expected polarization patterns, which corresponds to 2D shape and 1D topology of understructure in Fig. 1 . Surprisingly, the detailed simulations showed that polarization pattern shown in Fig. 5 (b) appears in the system instead of Fig. 5(a) . Figure 5(b) shows the local polarization distributions in a three unit-cell thick film of a stable Ti-centered domain having a period of 6 unit cells before and after structural relaxations, respectively, (Shimada, et al., 2010a (Shimada, et al., , 2013a . Remarkably, a nontrivial in-plane polarization (in the x direction) is found after relaxation near the junction between the surface and domain wall set initially (compare Figs. 5(a) and 5(b) ). As a consequence of relaxation, a closure domain structure, where polarization direction was aligned to form a closed flux, was formed in the film (see Fig. 5(b) ) (Shimada, et al., 2010a (Shimada, et al., , 2013a . Note that such closure domains were also formed in the thinner films, as well. Polarization distribution in Fig. 5(b) corresponds to the 2D polarization topology of understructure in Fig. 1 . Hence, this results means that the topological understructure with higher dimensionality [2D (Fig. 5(b) ) compared with 1D( Fig. 5(a) )] stabilizes the system, which tells us the complexity of shape-understructure interaction. The closure domains were first proposed in "ferromagnetic" systems by Kittel (Kittel, 1946) . This proves the existence of closure domains in ultrathin ferroelectric nanofilms. In this result, the closure domain structure consists of not only the 180° domain wall but also the 90° domain wall, as Kittel proposed for ferromagnetic systems, which can clearly be seen in the vector field of the polarization distribution (see also the right panel of Fig. 5(b) for a schematic illustration), (Shimada, et al., 2010a (Shimada, et al., , 2013a and (Wang, et al., 2013a) .
A similar closure domain patterns but with different topology was found at the surface step of nanofilms (Shimada, et al., 2010b) and . The closure-like patterns were formed along the surface step edges to reduce the depolarizing field. Thus, the surface step tends to pin the closure-like domain and aligns the domain formation along the step edges. In other words, surface morphologies [2D shape] could control the topology of ferromagnetic-like closure [2D topology of understructure] domains formed inside nanofilms. Arrows indicate the polarization direction in each domain (Shimada, et al., 2010a (Shimada, et al., , 2013a .
Nanotubes: Inherent Strain Introduced in Shape Manufacturing
A ferroelectric nanotube is one of the typical nanostructures where the nanotubular 2D shape and the 1D-2D lattice-level understructures are coupled strongly. The nanotubes can be modeled by rolling the ferroelectric nanofilms in a specific direction, like carbon nanotubes. Figure 6 (a) shows energetics of nanotubes with different curvature and nanofilms, (Shimada, et al., 2012b) . While TiO 2 -outside nanotubes (see negative curvatures) are energetically unstable with respect to the flat nanofilms, PbO-outside nanotubes (see positive curvatures) are found to be favorable to flat films, suggesting that nanotubes can be naturally formed when nanofilms exist in a free-standing condition. The atomic structure of the minimum-energy PbO-outside nanotube is shown in Fig. 6(b) (Shimada, et al., 2012b) . Initially, atoms in each outside and inside layer were arranged in a regularly-circled way without any radial displacement. However, the relaxed (stable) atomic structure reveals that the atoms constituting each layer show the inward and outward displacements in the radial direction of nanotube, just like buckling. Buckling of the tube sidewall is especially observed in the inside TiO 2 layer, which is clearly induced by periodic clockwise and counterclockwise tilting of oxygen atoms in the circumferential direction (see the blue triangles and black arrows), namely, the antiferrodistortive (AFD) rotations as one of the lattice-level understructures. The AFD rotation of oxygen octahedron TiO 6 is an important class of structural instabilities, but it is generally suppressed in bulk PbTiO 3 at equilibrium by ferroelectric distortions. Thus, the shape manufacturing introduces mechanical strain, which brings about the 2D lattice distortion of understructure (AFD) in Fig. 1 .
An additional important finding is the existence of spontaneous polarization (see the red point of P at zero axial strain, ε zz =0.00, in Fig. 6(c) . The nonzero value of P indicates the presence of polarization) (Shimada, et al., 2012b) . The original nanofilm with one-unit-cell thickness does not possess spontaneous polarization, which indicates there is critical ferroelectric thickness in the film geometries. However, the stable PbO-outside nanotube does exhibit spontaneous polarization of 5.12 μC/cm 2 (see the red point of P at zero axial strain, ε zz =0.00, in Fig. 6(c) ), showing absence of critical ferroelectric size in nanotubes. It should be noted that the existence of spontaneous polarization stems from the AFD rotations (i.e., improper ferroelectricity). This indicates that the inherent strain introduced in shape manufacturing accompanies the multi-physics effects, which could bring about ferroelectricity. Figure 6 (c) shows the spontaneous polarization and FE orderings in the stable PbO-outside nanotube as functions of the axial strain, (Shimada, et al., 2012b) . During tension, FE distortions appear purely in the axial direction (FE Axial ) and the axial polarization P z increases smoothly. The AFD oxygen rotation is enhanced by the application of tensile strain (see the blue lines in Fig. 6(c) ), which also supports increase of axial polarization due to above-mentioned AFD-FE coupling. On the other hand, under axial compression, the spontaneous polarization disappears, and the system becomes paraelectric (PE: 0D lattice in Fig. 1 ). Further application of compressive strain causes the system to revert the FE phase, a new topology of polarization vortex (FE Vortex ) formed due to the spontaneous polarization being aligned in the circumferential direction. Here, the multi-physics coupling works as the understructure of lattices [0D(PE), 1D(FE), and 2D(AFD) in Fig. 1 ] changed by strain. In terms of topology, polarization changes from homogeneous(0D) to vortex(2D). Thus, the multi-physics coupling can be understood as the interaction of shape and understructure. The toroidal moment g, which is strength of polarization vortices and is also shown in Fig. 6(c) , tends to increase as the compression is applied. (Shimada, et al., 2012b) .
Brief Summary
This paper reviewed a series of studies on remarkable ferroelectric properties and nonlinear couplings with mechanical stress/strain (multi-physics properties) in nano-components from first-principles density-functional theory calculations. Each shape or understructure enhances (or suppresses) spontaneous polarization or sometimes changes polarization directions although each influence is restricted within a local area of several nanometers (Do, et al., 2012) , (Kubo, et al., 2012 (Kubo, et al., , 2013 , (Shimada, et al., 2009 (Shimada, et al., , 2008b (Shimada, et al., , 2012a and (Umeno, et al., , 2009 interplay of the shapes and understructures or the coupling with mechanical stress/strain not only enhances their influence dramatically and entirely but also brings about unusual ferroelectric properties, e.g., ferromagnetic-like closure-nanodomains, (Shimada, et al., 2010b (Shimada, et al., , 2010a (Shimada, et al., , 2013a and (Wang, et al., , 2013a polarization vortices (Shimada, et al., 2012b) and improper ferroelectricity (Shimada, et al., 2012b) . Therefore, the multi-physics properties can be understood from interplay of the shape and the understructure coupled with mechanical strain.
Future Directions: Ferroelectrics to Multiferroics

Magnetism and the Related Multi-Physics in Nanostructures
This concept of multi-physics properties in the nano-components based on the classification of shapes and understructures can be, of course, applied to other functional materials. Magnetism and its multi-physics coupling in transition-metal nanostructures, for example, have been successfully understood in the same manner (Čák, et al.,2008) , (Friák, et al., 2001) , (Shimada, et al., 2010c (Shimada, et al., , 2011b (Shimada, et al., , 2011c (Shimada, et al., , 2012c (Shimada, et al., , 2012d (Shimada, et al., , 2013b , (Wang, et al., 2013b) and (Zelený, et al., 2009a (Zelený, et al., , 2009b . These successful studies tell us a new direction of "mechanics of materials" in the nanoscale, which can open the door to exploit and design novel functionalities.
Emergence of Ferromagnetism in Ferroelectric PbTiO 3
This section introduces additional functionalities driven by the interplay of the shapes and understructures. As a common sense of this research field, it has long been accepted that conventional ferroelectrics without doping are nonmagnetic because a formal d 0 electron configuration (e.g., Ti
4+
) in such ferroelectrics is clearly inconsistent with a partially filled d state which is required for ferromagnetism (Hill, 2000) . However, when an oxygen vacancy [0D defect of understructure in Fig. 1 ] appears on and is coupled with surfaces [2D shape in Fig. 1 ], ferromagnetism can emerge even in the non-magnetic PbTiO 3 . Figure 7 shows the magnetization density distribution around the oxygen-vacancy on the TiO 2 -terminated surface, (Shimada, et al., 2012e) . Here, the PbTiO 3 (001) surface was modeled by the same supercell setup as shown in Sec. 3.1. An oxygen vacancy was introduced by removing a single oxygen atom from the surface layer. The magnetization is mainly concentrated around the oxygen-vacancy site and the two neighboring Ti atoms along in the polar axis of [100] (see the Ti1 and Ti2 atoms in the figure). The magnetization is particularly localized around the Ti1 and Ti2 atoms. This indicates that these two Ti atoms exhibit ferromagnetism. For comparison, no magnetization is found in an oxygen vacancy inside the PbTiO 3 bulk, (Shimada, et al., 2012f, 2013c . Hence, ferromagnetism appeared in the system is due to the coupling of the vacancy and surface. In other words, the interaction of shape and understructure in Fig. 1 gives rise to additional physical properties, which are special for nanostructures because they cannot exist in the bulk counterpart (Shimada, et al., 2013b) . Note, this case can be regarded as another multi-physics property between ferroelectricity and ferromagnetism (i.e., multiferroicity).
Additional electronic structure analysis revealed that the ferromagnetism induced by the oxygen vacancy on the surface mainly originates from the spin-polarized d zx and d x2-y2 states of the two nearest Ti atoms. These electronic states are localized within the band gap of the system, as defect electronic states. The transition level of the oxygen vacancy locates almost the edge of conduction band minimum (CBM), suggesting that the oxygen vacancy also behaves as a shallow donor. This feature leads to n-type conductivity in the insulating PbTiO 3 (Shimada, et al., 2012e) , which results in stabilization of charged (head-to-head or tail-to-tail) domain walls and unusual domain switching behavior (Wang, et al., 2013c) . In this way, the defects coupled with surfaces induce not only magnetism into the non-magnetic system but also partial conductivity into the insulating system.
As shown in this section, not only ferroelectricity but also other functionalities such as ferromagnetism and conductivity simultaneously appear in the nanostructured materials. The findings will provide fundamental insights for designing novel functionalities in conventional ferroelectrics. (Shimada, et al., 2012e) .
Multiferroics: Couplings of Multiple Functionalities
Although the multiple coupling of ferroelectricity, ferromagnetism, and mechanical stress/strain is expected to bring about intriguing rich and novel functionalities, only a few studies focused on the multiple coupling because of its complexity and difficulty so far. An outstanding candidate is multiferroic materials such as BiFeO 3 and its solid solutions, which exhibit both ferroelectricity and ferro-/antiferro-magnetism at the same time. Multiferroics have been attracting much attention for the above-mentioned reasons. Actually, a few leading-edge studies (Shimada, et al., 2012g) and (Arisue, et al., 201X) , have already shown the potential of multiple coupling in BiFeO 3 : Figure 8 shows an example of the multiple coupling of ferroelectricity, ferromagnetism, and mechanical strains in the multiferroic BiFeO 3 (110) c epitaxial film under in-plane tension or compression. Obviously, ferroelectric spontaneous polarization and magnetic moment rotate in different ways during the straining process, leading to different anisotropies of the multi-physics responses of the BiFeO 3 (110) c film. These should be promising for future materials science and engineering. (Shimada, et al., 2012g) .
